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Abstract 
Carbon capture and storage (CCS) have been identified as one of the more promising carbon dioxide (CO2) emission mitigation 
techniques in the short term. One of the major issues involved in the implementation of this technology is the high cost incurred 
in the capture process.  When this high cost is coupled with the associated transportation and geological storage costs, the overall 
process is often deemed uneconomical. Any effort dedicated towards reducing carbon capture costs would then be particularly 
useful and critical in improving the overall economics. Trinidad and Tobago (T&T) has many unique factors that can potentially 
reduce this cost. Amongst these are pure CO2 sources, the relatively cheap electricity costs and the close proximity of these CO2 
sources to geological sinks. During Ammonia production, CO2 is a by-product and can occur in purities of over 90% by volume 
of output gases. Owing to this, the capture cost can be significantly reduced. This paper factors in this reduced capture cost 
together with potential returns from associated Enhanced Oil Recovery (EOR) and Clean Development Mechanism (CDM) 
projects to assess the economic feasibility for T&T. A sensitivity analysis was done to ascertain the minimum oil and carbon 
trading prices needed for economic feasibility. The results were then compared with actual present day prices and projected 
forecasts. This work can help guide future energy polices in T&T so that two major problems can be addressed in cohesion, the 
issue of depleting oil reserves and that of increasing greenhouse gas emissions. 
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1. Introduction 
The adverse effects of climate change are clear.  Though this presents a global problem, it is obvious that small 
islands states like T&T would face greater risks resulting from associated rising sea level and land reclamation.  In 
addition, T&T registers high levels of CO2 emissions on a per capita and per GDP basis due to its relatively small 
population size and low carbon efficiency [1]. It is widely agreed that a clear link has been established between 
increasing levels of CO2 and rising global temperatures, therefore a strong motivation exist for T&T to investigate 
some form of CO2 emission mitigation strategy.  There is also a growing interest in GCS as a means of CO2 
emission mitigation. However, there are substantial uncertainties about the costs of GCS [2].  This technology can 
have practical relevance to T&T since major pure CO2 point sources within the country are centrally located inside 
the Point Lisas Industrial Estate through the various Ammonia production facilities. These sources are relatively 
close to potential geological storage sites, occurring onshore in the Fyzabad and Oropouche (less than 50 km south 
of Point Lisas) and off the south east coast of the island (less than 150 km south east of Point Lisas). 
 
This paper builds upon the technology outlined by Boodlal and Smith [3] and Boodlal et. al. [4], where the idea 
of mitigating carbon emissions due to their suspected link with climate change, was discussed. Fundamentally, there 
are two mitigation strategies that follow the carbon capture step, either store the CO2 in depleted gas fields and saline 
aquifers, or improve the recovery from existing oil fields by mobilizing residual oil. Through storing carbon in 
appropriate geological reservoirs, carbon credits can be gained that have economic value (provided that it attains 
status as an approved CDM project). Because T&T have substantial hydrocarbon reserves, these two strategies for 
the sequestration of carbon are particularly pertinent. Taken together GCS and EOR can represent a potentially 
profitable business opportunity as outlined in this paper.   
 
To follow this technology response the paper is divided into the following sections: 
 
x Methodology 
o Method of Analysis 
o Design Concept 
o Volumes – Carbon Capture and Enhanced Oil Production 
x Value Streams 
o Capital Cost Estimates 
o Associated Cost Parameters 
x Discussion 
x Conclusion 
 
2. Methodology 
The economics were evaluated under three different scenarios. These were: 
 
x Scenario 1 - A CO2-EOR stand-alone project where associated emissions from the Ammonia plants are 
used to enhanced oil recovery in suitable destination fields.  
x Scenario 2 - A stand-alone GCS project where associated emissions from the Ammonia plants are 
geologically sequestered.  
x Scenario 3 - A combined CO2-EOR and GCS project using CO2 gas emitted in the atmosphere (from 
existing Ammonia plants) to enhance oil recovery in target onshore fields and adopting GCS for the 
excess carbon dioxide not used in the productivity enhancement process.  
 
The approach utilized a simple investigation into the income and expenditure streams emanating from such 
projects and analyzing the data to see: 
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1. The minimum price of oil for the EOR project to make a profit,  
2. The minimum price of CO2 credits needed for the GCS project to generate a profit,  
3. The price of oil needed to make the combined EOR/GCS project feasible at the present carbon trading price 
of CO2, and 
4. Possible incentives that can be implemented by government to make each scenario more feasible in the 
given assumption framework. 
 
The method of analysis, design concept and volumes considered are reported below. 
 
2.1. Method of Analysis 
The investments needed were derived from computing CAPEX and OPEX for the respective projects. The 
CAPEX were injected at the beginning of the respective project and included all infrastructure needed for collection, 
dehumidification, transportation and injection. The OPEX were mainly categorized into those resources needed for 
CO2 purchasing, CO2 conditioning (collection, dehumidification and transportation) and CO2 injection during the 
project life cycle. These were then combined to give total investment needed. A number of assumptions were made 
in computing the total investment; these were applied in each scenario and are: 
 
x Project technological life of 32 years 
x A discount rate of 10 %  
x An escalation rate of 1% per annum for all OPEX. 
 
The income streams were analyzed in the same manner. The two income streams where applicable (from CO2-
EOR and GCS) were reported over the technological life of the project and the Net Present Value (NPV) function 
was utilized to compute the overall income. The same discount rate of 10 % was adopted for this analysis and the 
resulting income was compared with associated expenditure to determine the economic feasibility. 
 
Since the project is also a means of emissions mitigation with respect to CO2 gas in the atmosphere, it can also be 
environmentally and socially viable. Given that sustainability incorporates a balance between economic, social and 
environment aspects, the main objective of this paper is to investigate whether the adoption of EOR and carbon 
sequestration technologies in T&T can contribute towards sustainability for its economy. It should be duly noted 
then that though the authors acknowledge that these outlined projects can have potential social and environmental 
cost benefits, such benefits were not quantified and integrated into our analysis. 
 
2.2. Design Concept 
The latest inventory conducted in T&T suggests that the majority of CO2 emissions in T&T emanate from the 
petrochemical and power generation sector with the petrochemical sector alone accounting for about 56% [5]. T&T 
is in a peculiar position for a number of reasons and this can make geological GCS an attractive technology for the 
country to adopt as a means of CO2 emission mitigation. Firstly, the entire petrochemical sector is concentrated in a 
central location at the Point Lisas Industrial Estate. This geographical area can be considered the main “source area” 
for T&T CO2 emissions. Secondly, this “source area” is relatively close to potential geologic storage sites. These 
potential sites include the spent oil fields in the Fyzabad and Oropouche areas [6] and the gas fields and saline 
aquifers off the east coast of Trinidad [3]. Thirdly, transportation and compression costs would be relatively lower in 
T&T because of the comparatively cheap cost of electricity and the close proximity of the storage sites. In addition, 
T&T has considerable hydrocarbon production experience and over 30 years of CO2 injection experience for 
enhanced oil recovery. Very few nations have all these conditions in their favor for CO2-EOR and geological GCS. 
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 The solution conceptualized for T&T is therefore a utility plant located within the Point Lisas Industrial 
Estate collecting and conditioning a given volume of CO2 from Ammonia production before being transported by 
pipelines for CO2-EOR and/or eventual storage. 
 
2.3.  Volumes- Carbon Capture and Enhanced Oil Recovery 
Boodlal and Taweel [1] suggested that the total volume of annual CO2 emissions available for use in the Point 
Lisas Industrial Estate from the 11 ammonia plants therein is about 6 million tonnes (taking present re-used amounts 
into consideration). In this study we assume 1/3 of this amount or 2 million tonnes of CO2 (6.25%) of total 
emissions) would be utilized annually. This assumption was made since capital costs for a 2 million tonnes post 
combustion facility has already been reported [7].  
 
 
2.3.1. Assigned Volumes to Scenario 1, CO2-EOR only 
 
For the case where CO2-EOR alone is analyzed, the total CO2 collected (2 million tonnes) is assigned. An 
important assumption adopted is that there is enough oil to be recovered via CO2-EOR for the given amount of CO2 
emissions assigned. All assigned and production volumes for this scenario are shown below: 
 
x Total CO2 used annually – 2 million tonnes 
x Total amount of oil to be recovered for the project technological life – 145 million barrels 
 
2.3.2. Assigned Volumes to Scenario 2, GCS only 
 
For the case where GCS alone is analyzed, the total CO2 collected (2 million tonnes) is assigned. An important 
assumption adopted is that there is enough storage space available for the given amount of CO2 emissions. All 
assigned volumes for this scenario are shown below: 
 
x Total CO2 used annually – 2 million tonnes, 
x Total amount of CO2 sequestered during the project technological life of 32 years – 64 million tonnes.   
 
2.3.3. Assigned Volumes to Scenario 1, CO2-EOR  and GCS (combined) 
 
It was also found through consultation with the local petroleum company that at least 31 million barrels of oils 
can be recovered through CO2-EOR in 9 spent fields located in the Fyzabad and Orupouche areas. Past CO2 
flooding projects in Trinidad illustrated a CO2 consumption rate of about 8 Mcf/bbl [6]. Given the density of CO2, 
this translates into 0.45 tonnes CO2 to recover 1 barrel of oil. Using this utilization rate for CO2, it can be seen that a 
total of 14 million tonnes of CO2 would be needed for the nine-fields identified by the local industry. 
 
 Historical data for similar projects suggest that an initial productivity rate of about 300bbls/day is normal [6]. 
The EOR technology has since advanced and for this paper we assume an average initial productivity rate of 450 
bbls per day. Since nine fields have been identified this reflects a total initial productivity of about 4000 bbls/day or 
about 1.45mmbbls/year. This corresponds to about 0.64 million tonnes needed for the first year of the project.  
 
Data for oil production in Trinidad for the period 1980-2000 (courtesy BP Trinidad) have shown an average 
decrease in productivity of about 2.6 % per year. If this rate of decrease is adopted and assumed to be linear, the 
EOR project can be forecasted to last about 32 years. As such, for simplicity in comparison, all scenarios are 
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assumed to have a technological lifetime of 32 years. Based on these considerations, all assigned volumes for this 
scenario are shown below: 
 
x CO2 volume assigned in the first year for EOR – 0.64 million tonnes 
x CO2 volume assigned in the first year for GCS – 1.36 million tonnes 
x Decline productivity rate for EOR – 2.6% 
x Total amount of oil recovered over the project technological life – 31 million barrels 
x Total amount of CO2 sequestered during the project technological life – 55 million tonnes  
 
Please note for this scenario re-injection is taken into consideration as it is assumed about 50% of injected CO2 is 
produced with recovered oil.  
 
3. Value Streams 
The value streams for the project are now reported. The expenditure streams are reported first and these comprise 
off: 
 
x Capital cost to build plant including transportation infrastructure via pipeline 
x Cost to purchase CO2 
x Operating and maintenance Cost  
x Royalty and Taxes (where applicable). 
 
Please note all value quoted is in United States dollar (USD). 
 
3.1 Capital Costs Estimates 
 
Simmonds et. al. [7] reported on a study to build a similar size facility. The relative costs are assumed to apply to 
T&T and these are all shown below in Table 1. The total capital cost derived is 236 million. This cost would be 
proportioned between the CO2-EOR project and GCS project based on respective volumes of CO2 required for 
scenario 3. 
 
      Table 1. Utility Capital Costs. 
Facility Costs  (million 
USD) 
Gas Gathering Systems 39 
CO2 Drying and Compression 48 
Utility and offsite systems (including pipeline) 149 
 
3.2 Project Parameters and Associated Costs 
 
All associated cost parameters were taken from Rubin and McCoy [8] from a similar Canada study and conform 
within the cost estimates suggested by Rubin et. al. [9], Kinder Morgan [10] and Gaspar et. al. [11] amongst others. 
arising from a similar Canada study. Once again in order to preserve consistency in pricing, no location factor was 
adopted in this study. All project parameters and associated cost for each scenario can be seen in the tables below.  
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                  Table 2. Project Parameters. 
Parameter Deterministic 
Value 
CO2 Purchase Price  2 $/mscf 
Operating and Maintenance Cost  0.5$/mscf  
Lifting Cost (EOR) 
Injection Cost (GCS) 
0.6 $/bbl 
1.8 $/ton 
 
 
                     Table 3. Associated Cost for Scenario 1. 
Associated Cost, CO2-EOR NPV (Million) 
CAPEX 236 
CO2 Purchase Cost 2.27 
Operating and Maintenance 
Lifting Cost 
187 
28 
  
     Table 4. Associated Cost for Scenario 2. 
Associated Cost, GCS NPV (Million) 
CAPEX  146 
CO2 Purchase Cost 2.27 
Operating and Maintenance 
Injection Cost 
193 
37 
      
       Table 5. Associated Cost for Scenario 3. 
Associated Cost, Combined CO2-EOR and 
GCS 
NPV (Million) 
CAPEX  236 
CO2 Purchase Cost  2.27 
Operating and Maintenance 
Injection and Lifting Cost 
207 
37 
 
 
 
 
 
3.3 Royalties and Taxes 
 
The values for Royalty and taxes in T&T are: Royalty (12.5%), Profits Tax (40%), Supplemental Petroleum Tax 
(15%) and Production Levy Tax (1%). It was assumed that these all apply to the EOR project but only Royalty and 
Profits tax apply to GCS since no production of petroleum is involved. 
 
6426   Donnie Boodlal and David Alexander /  Energy Procedia  63 ( 2014 )  6420 – 6427 
4. Discussion (Policy Implications of Economic Analysis) 
Revenue is generated from the project via sale of additional oil recovered (for the EOR segment) and through the 
sale of carbon credits (for the GCS segment). If we use a very conservative crude price of 40 dollars per barrel, the 
average price over the last 20 years (the present price about 92 dollars per barrel, [12], and an equal conservative 
price for carbon credits at 7.5 dollars per ton of CO2 (forecasted to rise again to about 10 dollars per ton, [13] and 
[14], a number of interesting results are generated. Please note for each income stream an escalation of 1% was 
assumed to apply to all commodity base price quoted. The economic analysis indicates: 
 
x For the standalone CO2-EOR project, the project is feasible over the 32 years generating an investor 
NPV profit of about 452 million dollars. In addition, the prospective royalties and taxes emanating from 
this project within related assumptions and scope is about 1 billion dollars. 
x For the standalone GCS project, the project is uneconomical incurring an investor NPV loss of about 
270 million dollars within related assumptions and scope.  
x If the two projects are combined, an investor NPV loss of about 80 million dollars is generated together. 
However royalties and taxes of about 230 million dollars can be generated within related assumptions 
and scope. 
 
Though the EOR segment of the project is feasible over the 32 years (assuming oil price of $40 per barrel), the 
GCS segment of the project would incur losses using a carbon trading price of $7.5 per tonne. The minimum oil 
price needed to breakeven for the EOR segment of the project is $22 per barrel and that corresponding value for the 
GCS segment is $26 per ton. 
 
 In addition, at the present 2014 forecasted average carbon price of 10 dollars per ton, the oil price would have to 
about 53 dollars per barrel for the combined project to breakeven. If we take the present situation into consideration, 
a carbon price of $7.5 per tonne, the combined project would need an oil price of about 72 dollars per barrel to 
breakeven. This is interesting because only 4 in the last 20 years the oil price averaged over this amount for an entire 
year (2008, 2011, 2012 and 2013). This is an important consideration for policy makers as it means that in the big 
picture GCS would have to be addressed on its own and it cannot “piggyback” on EOR revenues. 
 
It should be noted also that since projects are often evaluated based on opportunity cost of investments, for huge 
corporate projects such as these, breakeven results are not motivating enough for the projects to be pursued. Payback 
in acceptable time and sizeable profits are often what is desired. As such since projects of this nature can have many 
benefits for T&T socially, it is imperative that some extra incentive be placed to ensure a better chance of economic 
feasibility. For example, if a “tax holiday” is given for the GCS segment of the project, then a much lower CO2 
trading price of 19 dollars per ton is needed for the combined project to break even. This is more commensurate 
with present carbon credit prices. This reflects a 30% reduction in the required trading price with this incentive 
being incorporated. 
 
It should be duly noted that this analysis only deals with about 30% of available ammonia plant emissions. This 
corresponds to less than 5 % of total emissions in T&T. As such to make a serious dent in T&T emissions via these 
technologies, there would be a need to increase the GCS and or EOR segment. As such a quantification of GCS and 
EOR volume potential in Trinidad is needed. 
 
5. Conclusion 
 
It is expected that this work would be extremely useful for similar industrialized developing nations to follow.  It 
should be noted also they are numerous social benefits of these projects, though these benefits are not quantified 
with a monetary value in this paper.  Such a task can form important future work. The key point to note is: 
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Even with T&T relatively pure streams of CO2, GCS needs to be addressed separately to generate income, as it 
cannot “piggyback” on EOR revenues. While today prices can afford this “piggybacking”, these prices are 
unprecedented over the last 20 years. 
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